C
aspases are a family of cysteine aspartyl-specific peptidases that are central players in apoptosis and inflammation. Based on their cellular function and domain organization, caspases are classified as initiator (caspase-2, -8, and -9) or executioner (caspase-3, -6, and -7). In the canonical caspase activation route, initiator caspases activate executioner caspases through proteolytic processing, which promotes apoptosis. The executioner caspases are expressed as dimeric yet inactive zymogens (procaspases) and activated via proteolytic cleavage at conserved aspartate residues to generate the large and small subunits.
Caspase-6 is unique among caspases for its role in neurological disorders, including Alzheimer's (1-3), Huntington's (4-7), and Parkinson's (8) diseases. Neuronal proteins that are known substrates of caspase-6 include microtubule-associated protein Tau (9) , amyloid precursor protein (10) , presenilin I and II (10) , polyglutamine-expanded and native huntingtin protein (7) , and Parkinson disease protein 7, also known as protein deglycase DJ-1 (8) . Cleavage of these neuronal substrates by caspase-6 is recognized to impact the physiological outcomes in these neurological disorders, thus making caspase-6 an attractive molecular target for treatment of neurodegeneration.
Although it is categorized as an executioner caspase, caspase-6 sometimes plays roles as a noncanonical executioner or even as an inflammatory caspase (11) , making its classification complex. Although caspase-6 is a weak executioner of apoptosis, its overexpression in mammalian cells results in apoptosis (12) , where it is the only known caspase to cleave the nuclear lamellar protein, lamin A/C (13) (14) (15) . Caspase-6 is also associated with the inflammatory pathway by being activated by caspase-1 (11) . Moreover, a noncanonical route for activation has been reported for caspase-6. Caspase-6 is often activated by caspase-3 rather than by initiator caspases (16, 17) ; however, it can also be activated in the absence of caspase-3 (18) (19) (20) and is reported to selfactivate in vitro and in vivo (21, 22) . The crystal structure of procaspase-6 provides clear insight into the molecular details of self-activation (22) . In particular, the long caspase-6 intersubunit linker is seen occupying the substrate-binding groove in preparation for autoactivation in cis. Nevertheless, the key regulatory signals that control the caspase-6 self-activation in a neurodegenerative context still are not understood.
Caspase-6 cleavage sites are located at the prodomain (Asp-23) and at both sides of the intersubunit linker (Asp-179 and Asp-193) (Fig. 1A) . The intersubunit linker joins the large and the small subunits of procaspase-6 with the active site Cys-163 located within the large subunit. The active site cavity of caspase-6 is composed of four flexible loops (L1, L2, L3, L4) that undergo structural rearrangement to accommodate the substrate in the substrate-binding pockets (S1, S2, S3, S4) (Fig. 1B) . Current evidence of a caspase-6 activation pathway (Fig. 1C) proposed that the initial intramolecular self-cleavage at in the intersubunit linker is required for procaspase-6 self-activation (21, 22) , which we surmise is the relevant pathway in a neurodegenerative context, whereas caspase-3 activates caspase-6 by cleavage at Asp-179 during apoptosis. Subsequent proteolytic cleavage by caspase-3, caspase-1, or caspase-6 itself (intermolecularly) at Asp-23 in the prodomain and at Asp-179 in the intersubunit linker (11, (21) (22) (23) leads to full maturation of caspase-6. All substrate-binding loops are then available to accommodate the substrate in the substrate-binding pocket to enable proteolysis.
The prodomain is the most distinctive region of caspases in terms of its sequence conservation (24, 25) and is, therefore, perhaps the most promising region for achieving selective regulation. As a result, the function of the prodomain varies among Significance Caspases are central players in programmed cell death. Among caspases, caspase-6 is unique for its association with neurological disorders, including Alzheimer's, Huntington's, and Parkinson's diseases. The structural details underlying caspase-6 activation are still limited but are requisites in understanding caspase-6 function. The prodomain and linker play essential roles in caspase function and regulation; however, while the long prodomains in initiator caspases are known, the structures of the short prodomains in executioner caspases remain elusive, despite efforts using crystallography and NMR. Here, we used hydrogen/deuterium exchange MS and revealed two important findings: the prodomain and intersubunit linker are intrinsically disordered, and the presence or absence of these regions results in distinct structural dynamics as procaspase-6 progresses through its proteolytic activation.
caspases. The prodomain of initiator caspases comprises caspase recruitment domain or death effector domains, which are typically longer than executioner caspase prodomains. The long prodomain facilitates recruitment to the activating scaffold, which is important for initiator caspase activation (26, 27) . In executioner caspases, the short prodomain has a variety of functions. In caspase-3, it facilitates folding by acting as a chaperone (28) , suppresses zymogen activation in vivo (29) , and binds Hsp27 for inhibition of its proteolytic activation (30) . In caspase-7, the prodomain-adjacent region acts as an exosite for substrate recognition (31) , while in caspase-6, the prodomain inhibits its self-activation in vivo (21) and in vitro (32) . Taken together, these findings clearly show that the prodomain is an integral part of caspase function and regulation.
Despite its importance in caspases, structural and functional details of the prodomain as well as the intersubunit linker are inadequately understood because the electron density in these regions has been missing in all caspase crystal structures to date. In particular, these regions in procaspase-6 (32) or in cleaved caspase-6 (25) have never been visualized. In addition to the properties of the prodomain and intersubunit linker being ethereal, the impact of the prodomain and linker on the conformational flexibility and dynamics in other regions of caspase-6 also remains elusive. Thus, probing the fine details of the influence of the cleavage state (e.g., the presence or absence of the prodomain and linker) on the individual conformational flexibility in all regions of caspase-6 is expected to provide a more complete picture detailing the underlying mechanism of caspase-6 proteolytic activation. Furthermore, insight into the functional and structural consequences of caspase-6 activation is likely to add to our understanding of other caspases as well.
Since the prodomain and the intact linker have eluded crystallization and our NMR structure determination has also not been successful, solution phase techniques, including the use of hydrogen/deuterium exchange MS (H/DX-MS), are anticipated to be valuable to study the structural behavior over the entirety of the caspase-6 structure. H/DX-MS has emerged as a powerful tool to study changes in protein structure and dynamics resulting from protein-protein or protein-ligand interactions in solution (33) (34) (35) . Previously in the realm of caspases, H/DX-MS has been used to probe the unique helix-strand interconversion in caspase-6 (36) and the conformational changes associated with the activation of Pak2 after caspase-3 cleavage and autophosphorylation (37) . Nevertheless, a detailed understanding of the changes in the dynamics of a caspase as it progresses through the stages of proteolytic activation has not been undertaken. In this work, we report the use of H/DX-MS to trace the discrete conformational flexibility profile at discrete cleavage states along the pathway of proteolytic activation of procaspase-6 as it matures from initial intramolecular self-cleavage to subsequent intermolecular cleavage of the prodomain and intersubunit linker.
Results
H/DX-MS Profile of Caspase-6 Maturation-State Variants. It is clear that caspase-6 can be self-activated by cleavage at Asp-193 or activated by caspase-3 cleavage at Asp-179. Our model is that Asp-179 cleavage is the most relevant activation pathway during apoptosis but that self-activation at Asp-193 is likely to be the most relevant in a neurodegenerative context. To map the changes in the conformational dynamics accompanied by caspase-6 proteolytic self-activation, a panel of caspase-6 variants that represent each maturation state of caspase-6 ( Fig. 1 C and  D) was prepared. The full-length (FL) procaspase-6 C163S, which is the catalytic site-substituted, inactivated variant, represents the zymogen form of procaspase-6. Caspase-6 D23A D179A represents the form of caspase-6 after initial activation by intramolecular self-cleavage at Asp-193. This variant maintains the prodomain but is self-cleaved at Asp-193 in the intersubunit linker. Caspase-6 D23A D179CT has the prodomain intact but lacks the entire intersubunit linker (residues Fig. 1 . Caspase-6 maturation-state variants. (A) Linear cartoon of procaspase-6 illustrating the prodomain (green), large subunit (light gray), intersubunit linker (magenta), and small subunit (dark gray). The active site C163 is denoted by a dot. Triangles indicate proteolytic cleavage sites. (B) Model of fulllength (FL) procaspase-6 zymogen colored as in A was generated based on zymogen structures 4IYR and 3NR2 with missing regions modeled de novo. Inset shows details of binding interactions of the intersubunit linker residues (magenta) binding into the S1-S4 subsites. (C) Cartoon of expected conformational changes in caspase-6 constructs representing various points along the zymogen maturation (cleavage) pathway colored as in A, with substrate as an ellipsoid (red). FL indicates FL uncleaved procaspase-6 zymogen. The C163S catalytic site substitution renders caspase-6 inactive and incapable of selfactivation. ΔN indicates removal of the N-terminal prodomain 180-193), representing the form of caspase-6 that has been initially activated by caspase-3. Caspase-6 ΔN D179CT represents the fully cleaved, mature form of caspase-6, lacking both the prodomain and intersubunit linker. All caspase-6 variants used in this study (except FL caspase-6 C163S) were active for cleaving both tetrapeptide substrate Ac-Val-GluIle-Asp-7-amino-4-methylcoumarin (VEID-AMC) (Fig. 1E ) and protein substrate Tau (Fig. 1F) .
H/DX-MS of the panel of caspase-6 maturation-state variants was performed using a protocol identical to that previously reported (36) . After incubation of proteins in deuterium for between 10 s and 2 h to allow hydrogen/deuterium (H/D) exchange on intact caspase-6, samples were subjected to on-column pepsin digestion followed by MS for peptide mass analysis. A heat map of the relative differential deuteration profiles of various regions in caspase-6 over the course of H/D exchange incubation time is depicted for each of the maturation-state variants from self-activation to full maturation and eventual binding to a substrate (Fig. 2) . The corresponding relative deuterium uptake profiles were also mapped onto a model of FL procaspase-6 zymogen (Fig. S1) , where the crystal structures of the zymogen [Protein Data Bank (PDB) ID codes 4IYR and 3NR2] were used as templates, and the missing residues were modeled using Chimera/Modeller (38, 39) . The deuterium uptake plots of peptic peptides are shown in Figs. S2 and S3. The use of this hybrid model structure, which has complete sequence coverage of caspase-6, ensures that all observed peptides could be represented during visualization of the results of the H/DX-MS. As anticipated, the ordered and buried regions in the core of caspase-6 had lower H/D exchange levels than flexible or exposed regions of caspase-6. These most highly exchangeable regions comprised mainly the substrate-binding loops, the intersubunit linker, and the prodomain. Notably, the H/D exchange at the proteolytic cleavage sites (TETD 23 , DVVD
179
, and TEVD
193
) are among the highest in caspase-6, including in the zymogen form, suggesting that the higher conformational flexibility of this region is required for greater access to proteolytic cleavage by caspase-6 and other proteases. Approximately 75% of the backbone amide hydrogens underwent less than 30% of H/D exchange within 10 s, suggesting that caspase-6 is a properly folded and dynamically stable protein overall. The peptic peptide coverage ranges from 90.8 to 92.1% across the linear amino acid sequences of the caspase-6 maturation state variants, with an average redundancy of 2.46 (Fig. S4) . The representative MS spectra of key peptic peptides are shown in Figs. S5 and S6. Together, these results suggest that all caspase-6 variants used were amenable to H/DX-MS experiments, which enable precise detection of the diverse conformational flexibility of caspase-6 at the discrete cleavage states attained during proteolytic activation. Our data show that initial cleavage at Asp-193 impacts the overall conformational flexibility of caspase-6 substrate-binding loops (L1, L2, L4), the 130s region, and the 26-32 region (Fig.  3A) . In the crystal structure of procaspase-6 zymogen, the side chains of 190 
TEVDA
194 occupy the substrate-binding pockets S1-S4 (Fig. 1B) . It was, therefore, not surprising to observe higher H/ D exchange in the L1 region (peptide 56-74), where Arg-64 is expected to be engaged as part of the S1 pocket for substrate binding. Likewise, the part of 130s region (peptide 130-142) that sits below the activity site cavity also had higher H/D exchange in the Asp-193-cleaved form compared with the zymogen. The increase in the H/D exchange levels in the L1 and 130s region suggests that these regions are relatively protected in the zymogen state and become more exposed after initial cleavage at Asp-193 because of an overall increase in the mobility of this region.
L2 in caspase-6 is relatively long compared with L2 in caspase-3 and caspase-7. Substitution of residues in L2 of caspase-6 with L2 residues from caspase-3 and caspase-7 as well as truncation of at least three amino acid residues (170-173) from the N terminus of L2 prevented self-activation of procaspase-6 (22), suggesting that a long L2 is required for binding the sequence . This same region of L4 is covered by peptide 264-278, where the H/D exchange profile was slightly perturbed (protected at early time points but exposed after 2 h) on Asp-193 cleavage. The L4 and the L2-which are located on the same face of the protein-were the only regions of caspase-6 that experienced significant protection on Asp-193 cleavage. The L2 peptide 159-176 and the L4 peptide 264-278 show charge complementarity: part of L2 is negatively charged, and part of L4 is positively charged (Fig. S7 ). The result that both the L2 and L4 regions experienced protection from H/D exchange and exhibited charged complementarity to each other suggests that L2 and L4 are interacting after self-activation of caspase-6 at Asp-193, potentially initiating loop reorganization for proper substrate binding.
Finally, it is interesting that self-activation at Asp-193 resulted in a statistically significant increase in H/D exchange of the 26-32 region after subtractive analysis of overlapping peptides 26-48 and 33-48 ( Fig. 3 A, E, and I). This suggests that the 26-32 region is relatively protected in the zymogen and is exposed after initial self-cleavage at Asp-193. This region immediately follows the prodomain in sequence. Intriguingly, the 26-32 region is situated in the same loop as one of the residues (K36) in the allosteric and regulatory site for zinc binding in caspase-6 (40) and the identified exosite in capase-7 (   38   KKKK   41 ) that promotes efficient cleavage of the poly(ADP ribose) polymerase 1 substrate (31) . These data collectively suggest that the initial intramolecular cleavage at Asp-193 impacts the overall flexibility of caspase-6 in the context of the proper assembly of structural elements that enables caspase-6 activation and regulation. In particular, we hypothesize that cleavage at the intersubunit linker at Asp-193 may expose a substrate-binding exosite present in or adjacent to the 26-32 region.
Complete Removal of the Linker Is Important to Attain the Fully Exposed Substrate-Binding Cavity. The linker region contains two proteolytic cleavage sites within the regulatory L2 loop in caspase-6. In the zymogen structure of procaspase-6, part of this region (residues 186-193) is ordered and accommodated in the substrate-binding groove, and the rest of the linker residues are disordered (22 site. This Asp-179 is not a good substrate for intramolecular cleavage by caspase-6, because the intersubunit linker is not long enough to position Asp-179 for self-cleavage (22) . However, Asp-179 is the first site to be intermolecularly cleaved by caspase-3 and other caspases (22, 23) . A crystal structure of cleaved caspase-6 with intact linker was solved, but the electron density of the entire linker region (180-193) was missing. Thus, the structural behavior of the linker and its impact on the dynamics during caspase-6 activation are still unexplored. In this H/DX-MS study, 100% of the linker region was covered by peptides 178-185 and 186-193 (Fig. 3 A, B, and I) . The significant increase in the H/D exchange of the C-terminal part of the linker region (186) (187) (188) (189) (190) (191) (192) (193) between the zymogen and the Asp-193-cleaved form suggests that, before cleavage at Asp-193 in the zymogen form, the region of the 186-193 is bound to the substrate-binding groove-consistent with the crystal structure of procaspase-6 zymogen. However, the exchange profile of the 178-185 region between the zymogen and Asp-cleaved form was unaffected, suggesting that this region, a contiguous part of L2, has the same conformational flexibility in both the zymogen and Asp-193 cleaved form. The shape of the curve for deuterium incorporation over the time course of H/D exchange often reveals interesting structural features for particular regions of proteins and provides meaningful interpretation of the H/D exchange data as has been described elsewhere (41) . The H/D exchange profile of peptide 178-185 in both the zymogen and the Asp-193-cleaved form showed a nearly maximal uptake of deuterium, even at the earliest time point (10 s), and remained at that same high level throughout the H/D exchange experiment (Fig. 3I ). This deuterium uptake profile suggests that the 178-185 region has high solvent exposure and the absence of H-bond interactions, such as is characteristic for unstructured regions. Conversely, peptide 186-193 exchange parameters suggest a partially protected, moderately dynamic region. Peptide 186-193 showed a one-deuterium difference between the zymogen and Asp-193 self-cleaved forms at the earliest time point (10 s), suggesting that this region is more exposed after Asp-193 cleavage. This one-deuterium difference persisted throughout the H/D exchange time course (Fig. 3I ). In the crystal structure of the zymogen, the 190 
194 cleavage site is present as a β-strand, which rests in the substrate-binding groove and is expected to be highly protected from H/D exchange. The fact that the 186-193 peptide in the Asp-193 cleaved form of caspase-6 shows less protection than in the zymogen suggests that only before zymogen activation does the intersubunit linker remain stably bound to the active site.
Farther along the activation pathway of caspase-6, the complete removal of the intersubunit linker occurs when Asp-179 is cleaved (D23A D179CT or ΔND179CT). Removal of the linker resulted in a global H/D exchange profile that is significantly altered compared with the zymogen (Fig. 3 B, C, F, and G) . Removal of the intersubunit linker resulted in significant exposurerelative to the zymogen-of the regions in the substrate-binding loops: L1 (peptide 56-74), L2 (peptide 159-176), L3 (peptides 210-216 and 217-227), L4 (peptides 264-278 and 269-278), and the 130s region (peptides 119-130, 130-142, and 133-142). Moreover, the differences in the H/D exchange between cleaved forms of capase-6 in the absence or presence of the linker showed a similar trend where removal of the linker resulted in a statistically significant increase in the H/D exchange in the substratebinding loops and the top of the 130s region (Fig. 4 A and B) . Collectively, these data suggest that the removal of the linker renders the substrate-binding groove fully exposed and competent to bind substrate. After the substrate-binding groove is exposed, substrate can bind to the fully cleaved, mature caspase-6 (ΔND179CT + VEID substrate mimic). The H/D exchange profiles of the loop bundles (L1-L4) and the top of the 130s region (peptide 119-130) were significantly decreased relative to the zymogen on substrate binding (Fig. 3 D, H, and I) . This suggests that these regions undergo significant structural reorganization and protection on engaging substrate, resulting in a lower conformational flexibility of these regions.
Substrate-Binding Groove Is Accessible in Cleaved Caspase-6, Independent of the Presence of the Prodomain or Linker. The H/D exchange data show that the overall accessibility of the substrate-binding groove increases even further as caspase-6 matures into its substrate-binding competent state. To further explore this observation, we sought a complementary technique to interrogate the conformation of the substrate-binding groove before and after substrate binding. Caspase-6 has only two tryptophan residues, which are found in L1 (Trp-57) and L3 (Trp-227) (Fig. 5A) . Trp-57 is completely exposed in crystal structures of both the zymogen and mature forms of caspase-6. However, in the zymogen, Trp-227 sits immediately adjacent to the substrate-binding groove as part of the S4 specificity pocket within L3 (Fig. 1B) , which forms an antiparallel β-strand with the linker in the zymogen state. Intrinsic tryptophan fluorescence is influenced by the polarity of the environment, where shifts in the emission maxima toward longer wavelengths (red shift) indicate higher solvent exposure. All maturation variants of caspase-6 were subjected to intrinsic fluorescence measurements (Fig. 5B and Fig. S8) . Notably, all caspase-6 cleavage variants clustered in two classes of emission spectra, where all linker-cleaved (singly cleaved or complete removal of the linker) forms of caspase-6 showed a 9-nm red shift toward a more solvent-exposed state relative to the zymogen, irrespective of the presence of the prodomain (Fig. 5B) . This suggests that initial Asp-193 cleavage in the linker leads to the relative exposure of the bound intersubunit linker. Thus, ΔN D179CT] ) after 2 h of incubation were mapped onto the model structure of caspase-6 shown in both ribbon and surface representations. The asterisk designates the D to A substitution at the indicated proteolytic cleavage site, rendering that site uncleavable. For these data, a deuterium uptake difference greater than 0.6 Da is considered significant at the 98% confidence interval. The intensities of the blue and red colors represent the peptides that undergo either a statistically significant decrease (less exchangeable/ flexible) or increase (more exchangeable/flexible), respectively, in the H/D exchange along the path of caspase-6 proteolytic activation.
Asp
The Prodomain Is Intrinsically Disordered. An attempt to solve the crystal structure of procaspase-6 zymogen with intact prodomain has been reported (32), but no electron density for the prodomain was visible, suggesting that the prodomain may be a mobile region. Although both biological (21) and biochemical studies (32) revealed that the prodomain impacts caspase-6 function, the existing structural data on the prodomain are extremely limited. In this work, the structural properties of the prodomain were explored using H/DX-MS as well as its impact on the dynamics of caspase-6 during proteolytic activation. The electrostatic potential map of the 23-aa prodomain of caspase-6 showed an obvious charged-polarized region (Fig. 6A) . The N and C termini were packed with positively and negatively charged residues, respectively. H/DX-MS studies covered 22 of 23 amino acids of the prodomain represented by five overlapping peptic peptides (2-19, 3-19, 5-19, 8-19, 18-24) (Figs. 2-4 and Fig. S2) . The H/D exchange profile of the prodomain region showed no statistically significant changes between the zymogen and the cleaved forms of caspase-6, irrespective of the presence or absence of the linker (Figs. 3 A and B and 6B) . Likewise, the H/D exchange profile of the prodomain region showed no statistically significant changes between cleaved forms of caspase-6 with or without the linker (Figs. 4A and 6B) . The H/D exchange profiles of the prodomain peptides in both the zymogen and cleaved forms of caspase-6 with intact prodomain (Fig. 6B) showed nearly maximal uptake of deuterium by the earliest time point, which persisted at that same level over the course of the H/D exchange experiment. The corresponding MS spectra of prodomain peptides in all forms of caspase-6 with intact prodomains showed a well-defined isotopic distribution (Fig. 6C) . Collectively, these data suggest that, independent of the activation state of caspase-6, the prodomain is highly solvent exposed, consistent with this region being unstructured or intrinsically disordered.
Subtractive analysis of the H/D exchange profiles of the cleaved caspase-6 variants (with intact prodomain but with or without the linker) and the fully cleaved, mature caspase-6 ( Fig.  4 B and C) revealed a statistically significant decrease in the deuterium uptake at positions 26-32 after cleavage at Asp-23. In mammalian caspases, the 26-32 region of has never been visualized crystallographically. However, in the Spodoptera frugiperda caspase-1 structure (PDB ID code 1M72), the region equivalent to caspase-6 residues 25-27 forms a β-strand that makes backbone H bonds with L2′ residues Asp-193 and Ala-195. Unfortunately, the peptide containing Asp-193 and Ala-195 was among the 8% of caspase-6 that was not observed in the H/D exchange analysis. Nevertheless, given the decrease in the H/D exchange in the 26-32 region upon removal of the prodomain and the absence of any significant changes in the H/D exchange to the rest of the region of caspase-6 (Fig. 4C) , we hypothesize that the interaction between the 26-32 region and the L2′ seen in S. frugiperda caspase-1 is also present in caspase-6 but only occurs in the procaspase form or after prodomain cleavage. The full sequence of caspase-6 was analyzed for protein disorder using DISOPRED (39) (Fig. 6D) . Regions of the prodomain and the linker were predicted to be in a highly disordered state and further categorized these regions as being involved in protein binding. In addition, CD spectra of caspase-6 with or without the prodomain (Fig. 6E) showed no dramatic changes in the secondary structures of caspase-6, consistent with the prodomain being in a disordered state. In addition, the intrinsic tryptophan fluorescence profiles of both procaspase-6 zymogen and cleaved forms with or without the prodomain (Fig. 5B) were superimposable, suggesting that the prodomain does not impact the Trp-227 environment near the active site. Altogether, the H/DX-MS and the biophysical measurements imply that the prodomain is an unstructured region of caspase-6, which does not form any stable contacts with either the active site or the caspase-6 core at any point during the course of caspase-6 proteolytic maturation. 
Discussion
The H/D exchange reported here has allowed us to follow the diverse conformational changes that occur in caspase-6 at discrete cleavage states as it progresses through the zymogen selfmaturation pathway (Fig. 7) . These data provide insight on the prodomain and intersubunit linker of caspase-6, as these regions have been absent in all crystal structures of the enzyme. The initial intramolecular cleavage of the zymogen at Asp-193 in the linker resulted in changes in the conformational dynamics of the substrate-binding loops L1-L4, the 130s, and the 26-32 regions. Moreover, the cleavage at Asp-193 also allowed the L2 region to engage with L4. Farther along the proteolytic activation pathway, removal of the linker increases the conformational flexibility of all substrate-binding loops and the 130s region. On substrate binding, all substrate-binding loops are engaged to accommodate the substrate, including the top of the 130s region. Importantly, the prodomain is found to be intrinsically disordered independent of the activation state of caspase-6 (i.e., zymogen or Asp-193 self-cleaved form). However, the presence of the prodomain impacts the conformational flexibility of the 26-32 region dependent on the proteolytic activation state of caspase-6.
The changes in the dynamics of caspase-6 reported here square with previously reported changes in the thermal stability profile of maturation variants of caspase-6 (25). The zymogen was found to be the least stable form of caspase-6, with at least an 8°C decrease in the apparent melting temperature compared with its cleaved forms. The Asp-193 self-cleaved form (with intact prodomain and linker) is the most stable form of caspase-6. The dramatic gain in the apparent thermal stability of the zymogen after the initial intramolecular self-cleavage at Asp-193 can likely be accounted for as the outcome of the changes in the conformational dynamics of caspase-6. In particular, we observed a stabilizing interaction of L2 and L4 promoted by the presence of Asp-193-cleaved linker. Previous work on proteome-wide thermal stability across various cell types from Escherichia coli to mammalian cells showed a direct association between protein stability and intracellular abundance and an inverse relationship between protein stability and aggregation (42) . Thus, the gain of stability as a consequence of altered conformational dynamics during proteolytic activation in caspase-6 may be relevant to the lifetime of the protein in the cell and its interaction with the proteasome for degradation.
Crystal structures of the mature unliganded caspase-6 showed that, before substrate binding, the 130s region can exist in either the canonical (strand) (43) or noncanonical (helical) (25, 44) conformations. Mature caspase-6 exists exclusively in the canonical (strand) conformation in all substrate-bound structures-a unique structural feature not observed in any other caspases. We have recently reported H/DX-MS coupled with molecular dynamics simulations, which shows that the 130s region of the mature unliganded caspase-6 is in constant interconversion between the helical and strand conformations before substrate binding and converts completely to the strand conformation after substrate binding (36) . H/DX-MS results presented here show that the presence of the linker affects slow H/D exchange in the 130s region in caspase-6 (Fig. 3I) . At long time points, the H/D exchange profile of the Asp-193 cleaved caspase-6 with intact linker was similar to the canonical (strand) caspase-6 forms (the zymogen and substrate-bound caspase-6); however, it is distinct from the H/D exchange profile of the mature unliganded caspase-6, irrespective of the presence of the prodomain. Thus, these data suggest that the presence of the linker promotes a higher fractional residence in the canonical (strand) conformation of caspase-6. This dynamic conformational state of caspase-6 may represent one of the conformational ensembles that enables fine-tuning of pathways in the cell leading to caspase-6 activation.
Although the biological consequences of the dynamic nature of the 130s region are still unknown, there have been previous cell-based studies that reported the relative activity of the maturation-state variants of caspase-6. Each maturation-state variant showed unique in cellulo activity in HEK293T cells (21) , suggesting that each cleavage state of caspase-6 may play unique functional roles in cells. This is not unprecedented in caspases. Caspase-8 and -10 show altered substrate repertoire based on their maturation state and binding partners (45) (46) (47) . These differences in caspase-6 cellular activity are certainly related to the dynamics changes observed in this study. In addition, the caspase-6 intersubunit linker is long relative to the other executioners, caspase-3 and -7, and is the only linker for which DISOPRED (48) analysis suggests the presence of a protein-binding motif (Fig. 6D  and Fig. S9 ). This insinuates the linker as potentially playing a role in substrate selection and specificity as well as in the several protein-protein interactions, in which caspase-6 has been identified to participate (49, 50) .
In this work, we present several lines of evidence that the prodomain in caspase-6 is intrinsically disordered in all activation states. In addition, the crystal structure of the procaspase-6 zymogen with an intact prodomain showed no visible electron density for the prodomain region (32) . In addition, the prodomain of caspase-6 was computationally predicted to be both disordered and a proteinbinding region. Consistent with these observations, the H/D exchange profile indicated that the prodomain is unstructured or intrinsically disordered. In general, disordered regions of proteins are often involved in molecular recognition (reviewed in ref. 51) . It is thought that several metastable conformations of proteins with disordered binding sites enable recognition of molecular targets with remarkable specificity and low affinity. Intriguingly, the presence of the prodomain in cleaved caspase-6 is dispensable for caspase-6 activity in vitro against peptide substrates but has been reported to impact caspase-6 activity intracellularly (21) . This may indicate that the prodomain binds proteins, potential substrates, or regulatory partners. The caspase-6 prodomain has also been implicated in limiting self-activation through intermolecular cleavage at Asp-193 at low protein concentrations in vitro (32) . Despite growing evidence of the roles of the prodomain in regulating caspase-6 activity, its biological role remains poorly understood; however, our characterization as an intrinsically disordered protein might provide the insight needed to further the elucidation of prodomain roles.
The prodomains of caspase-3 and -7 are also predicted to be intrinsically disordered (Fig. S9) , and the prodomains of several caspases have been reported to participate in protein-protein interactions (30, 31, 52) impacting enzyme activity and apoptotic signal transduction as well as mediating binding to molecular chaperones, cellular localization, and substrate selection. Caspase prodomains also appear to be "hot spots" for regulatory posttranslational modifications (53-55) modulating enzyme activity and binding to initiator caspases, resulting in decreased apoptosis as well as impacting proteasomal degradation. The prodomain also aids folding of procaspase-3 (28). The prodomain is one of the least conserved regions of the caspase family (24, 25) , and therefore, it is possible or even likely that each prodomain plays unique roles that have yet to be fully uncovered.
The exchangeability of the 26-32 region, which is immediately adjacent to the prodomain, changes in unforeseen ways as caspase-6 progresses along the proteolytic activation pathway. Initial self-cleavage at Asp-193 of the zymogen results in increased exposure of the 26-32 region, suggesting that an interaction of the 26-32 region, which is present in the zymogen, is lost on initial cleavage of the intersubunit linker. However, after caspase-6 fully matures by proteolytic cleavage of the prodomain and linker, the 26-32 region exhibits a less flexible conformation similar to the zymogen state. This finding may be relevant to fine-tuning caspase-6 activity that stems from the diverse conformational flexibility profile of caspase-6 along its pathway to full maturation. Notably, the 26-32 region is located in close proximity to Lys-36, one of the ligands in the allosteric site for zinc binding identified in caspase-6 (40). Moreover, this region is also positioned in the same loop as two regulatory sites in caspase-7. PAK2-mediated phosphorylation of S30 in this region prevents caspase-7 activation by caspase-9 (55) . The 38 KKKK site within the caspase-7 N-terminal domain is an exosite used for substrate selection and is the only identified exosite in any caspase. The differential conformational flexibility of the 26-32 region could potentially expose or protect key regulatory sites in caspases. For example, the differential exposure or protection of the 26-32 region in various activation states may explain differential substrate recruitment that has been observed intracellularly (21) . While it is exciting to observe enzymatic differences in the cellular context, we recognize that insights into the molecular mechanisms can only be accomplished by in vitro investigations, such as those included in this work.
In summary, H/DX-MS revealed the distinct conformational dynamics in critical regions of the caspase-6 structure, including regions like the prodomain and intersubunit linker, which have not been observable by any other techniques. At each stage along the proteolytic activation pathway, changes in distinct regions of caspase-6 have been observed. These changes are confined to the substrate-binding loops, the 130s, and the 26-32 region. We anticipate that many of these changes would also be relevant when procaspase-6 is activated by caspase-3 via cleavage at Asp-179 and to the activation pathways of other caspases. In addition, we have observed that the prodomain is intrinsically disordered. The structural dynamic changes provided in this study afforded insights into the underlying molecular mechanism of caspase-6 activation and regulation. Caspase-6 is implicated in neurological disorders, including Alzheimer's, Huntington's, and Parkinson's diseases. The structural features and conformational changes described here may inspire approaches for manipulating caspase-6 in the context of neurodegeneration.
Materials and Methods
Generation of Caspase Variants. The caspase-6 variants FL C163S, D23A D179A, D23A D179CT, ΔN D179A, and ΔN D179CT were derived from the synthetic, E. coli codon-optimized (His) 6 C-terminally tagged caspase-6 gene (Celtek Bioscience) ligated into the NdeI/BamHI sites of a pET11a vector (25) . ΔN C163S with C-terminal (His) 6 tag was generated using FL C136S as s template through Phusion mutagenesis (Thermo Scientific).
Caspase Expression, Purification, and Activity Assays. Caspase-6 variants were expressed, purified, and assayed as previously described (36) .
Tau Protein Expression and Purification. The human Tau-383 (0N4R) variant in pMXB10 vector (gift from Bing Zhou, Tsinghua University, Beijing) was expressed in BL21(DE3) T7 express E. coli strain and purified as described (56, 57) . Briefly, cells were grown in 2x yeast extract tryptone media until A 600 of 0.6. Cells were harvested, lysed, and centrifuged at 30,600 × g for 1 h at 4°C. Supernatant was loaded into chitin beads (New England Biolabs) and washed with binding buffer (20 mM Tris, pH 8.5, 500 mM NaCl, 1 mM EDTA, 0.1% Tween-20) until absorbance reached baseline levels. The column was flushed with three-column volumes of binding buffer with 50 mM DTT and incubated for 16 h at 4°C to allow removal of the intein/maltose-binding protein tag. After incubation, the protein was eluted with binding buffer. The eluted protein was loaded into HiLoad 26/600 Superdex 200 Column and eluted using 200 mM Hepes, pH 7.5, and 150 mM NaCl. The purified protein was analyzed by SDS/PAGE to confirm identity and purity.
Proteolysis of Tau Protein by Caspase-6 Variants. Human Tau protein (3 μM) was incubated with varying concentrations of active caspase-6 activationstate variants (0-3 μM; twofold dilution) in caspase-6 assay buffer (100 mM Hepes, pH 7.5, 10% sucrose, 0.1% CHAPS, 120 mM NaCl, 5 mM DTT) at 37°C for 6 h. SDS loading buffer was added to the samples and boiled for 10 min before analysis by 16% SDS/PAGE. The gels were imaged using ChemiDoc MP imaging system (Bio-Rad).
H/DE-MS. H/D exchange experiments on caspase-6 were performed as described previously (36) and as described in SI Materials and Methods.
CD Spectroscopy. Caspase-6 activation-state variants (8 μM) were concentrated and diluted three times in 10 mM phosphate buffer, pH 7.5, with 120 mM NaCl in an Amicon Ultra 0.5-mL centrifugal filter (MWCO 10K; Millipore). After buffer exchange, caspase-6 concentrations were determined by 280-nm absorbance. CD spectra (250-190 nm) were measured on a J-1500 CD spectrometer (Jasco) with Peltier temperature controller. All data were collected at triplicate on different days.
Intrinsic Fluorescence Spectroscopy. Caspase-6 activation-state variants (3 μM) in 20 mM phosphate buffer, pH 7.5, 120 mM NaCl, and 2 mM DTT were prepared. Fluorescence emission scans (305-400 nm) were collected after excitation at 280 or 295 nm using J-1500 spectrometer (Jasco) equipped with fluorescence emission monochromator (FMO-522) and detector (FDT-538). Signal was acquired by setting the emission detector at high-tension voltage value of 700 V, the data integration time to 1 s, and the data pitch to 1 nm. The bandwidths used for excitation and emission were 2 and 10 nm, respectively.
Caspase-6 Model Building and Disorder Prediction. The FL caspase-6 zymogen model (residues 1-293) was built from crystal structures of caspase-6 zymogen. In this model, chain A was derived from PDB ID code 4iyr (chain A); chain B of this model was derived from PDB ID code 3NR2 (chain A) as templates. The missing residues [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] , and 292-293 in PDB ID code 4iyr (chain A); 1-30, 167-186, 261-271, and 292-293 in PDB ID code 3NR2 (chain A)] were built by de novo modeling using Chimera/Modeller platforms (38, 39) . All illustrations with molecular visualization were generated using the PyMOL Molecular Graphics System (Schrödinger, LLC). Amino acid sequences of caspase-3, -6, and -7 were submitted to the DISOPRED (48) server for the prediction of protein disorder. ACKNOWLEDGMENTS. We thank Stephen J. Eyles (director of the UMass Institute of Applied Life Sciences Mass Spectrometry Core Facility) for abundant assistance with H/DX-MS data collection and processing. This work was supported by NIH Grant GM080532.
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Dagbay and Hardy 10.1073/pnas.1704640114 SI Materials and Methods H/D exchange experiments on caspase-6 were performed as described previously (36) . Briefly, an initial stock of 15 μM proteins in 20 mM Tris, pH 8.5, 200 mM NaCl, and 2 mM DTT in H 2 O was prepared. The protein samples were then introduced into the nanoACQUITY system equipped with H/D exchange technology for ultra-performance liquid chromatography (UPLC) separation (58) (Waters Corp.), which performed all subsequent manipulations for the H/D exchange. Accurate mass and collisioninduced dissociation in data-independent acquisition mode (MS E ) (59) and ProteinLynx Global Server (PLGS) 3.0 software (Waters Corp.) were used to determine the peptic peptides in the undeuterated protein samples analyzed on the same UPLCelectrospray ionization quadrupole time-of-flight (ESI-Q-ToF) system used for H/DX-MS experiments. Data from peptic peptides generated from PLGS were imported into DynamX 3.0 (Waters Corp.), with peptide quality thresholds of MS 1 signal intensity ≥ 5,000, maximum sequence length of 25 aa, maximum mass error of 1 ppm, and minimum products per amino acid of ≥0.3. Automated results were manually inspected to ensure the corresponding m/z and isotopic distributions at various charge states were properly assigned to the appropriate peptic peptide. DynamX 3.0 was then used to generate the relative deuterium incorporation plot and H/D exchange heat map for each peptic peptide. The relative deuterium incorporation of each peptide was determined by subtracting the weight-averaged centroid mass of the isotopic distribution of undeuterated control sample from that of the weight-averaged centroid mass of the isotopic distribution of deuterium-labeled samples at each labeling time point. All comparisons were performed under identical experimental conditions, negating the need for back exchange correction in the determination of the deuterium incorporation. Thus, H/D exchange levels are reported as relative (60) . The fractional relative deuterium uptake was calculated by dividing the relative deuterium uptake of each peptic peptide by its theoretical maximum uptake. All H/DX-MS experiments were performed in duplicate on 2 separate days, and a 98% confidence limit for the uncertainty of the mean relative deuterium uptake of ±0.6 Da was calculated as described (61) . Differences in deuterium uptake between two states that exceed 0.6 Da were considered significant. . Relative deuterium uptake plots of caspase-6 maturation variants over the course of the H/D exchange experiment. The different colors represent the deuterium uptake profiles of caspase-6 mutation variants FL C163S (black), D23A D179A (blue), D23A D179CT (green), ΔN D179CT (orange), and ΔN D179CT + VEID (red). The covered residues for each peptic peptide of caspase-6 mutation variants are indicated. The asterisk designates the D to A substitution at the indicated proteolytic cleavage site, rendering that site uncleavable. Error bars, SD of duplicate H/DX-MS measurements done on 2 separate days. Fig. S3 . Relative deuterium uptake plots of caspase-6 maturation variants over the course of the H/D exchange experiment. The different colors represent the deuterium uptake profile of caspase-6 mutation variants FL C163S (black), D23A D179A (blue), D23A D179CT (green), ΔN D179CT (orange), and ΔN D179CT + VEID (red). The covered residues for each peptic peptide of caspase-6 mutation variants are indicated. The asterisk designates the D to A mutation in the proteolytic cleavage site in caspase-6. Error bars, SD of duplicate H/DX-MS measurements done on 2 separate days. The asterisk designates the D to A substitution at the indicated proteolytic cleavage site, rendering that site uncleavable. Fig. S4 . Coverage map of the peptic peptides of caspase-6 maturation variants identified from H/DX-MS. The teal color represents the set of peptic peptides found in all caspase-6 maturation variants covering the core regions of caspase-6. Peptic peptides highlighted in green were found in FL C163S, D23A D179A, and D23A D179CT covering the prodomain region. Peptic peptides highlighted in gray represent the linker region found only in FL C163S and D23A D179A. Peptic peptides highlighted in black and blue colors were found in FL C163S and D23A D179A, respectively. Peptic peptides exclusively found in one or more caspase-6 maturation variants were the result from the variation in the caspase-6 constructs, including the presence of the prodomain or linker and mutations in the active site cysteine and proteolytic cleavage sites of caspase-6. The peptic peptide coverage ranges from 90.8 to 92.1% across the linear amino acid sequences of the caspase-6 maturation variants, with an average redundancy of 2.46. Fig. S5 . Representative MS spectra of key peptic peptides after H/D exchange experiments of caspase-6 maturation variants. The relative locations of the highlighted peptic peptides for the following regions are mapped onto the hybrid model of procaspase-6: purple blue, peptide including the 26-32 region; green, top of 130s region; orange, 130s region; cyan, part of L1; red, L2. The amino acid sequence, the MS charge-state distribution, and the residue numbers covered by the representative peptic peptide are also indicated. The asterisk designates the D to A substitution at the indicated proteolytic cleavage site, rendering that site uncleavable. S7 . Map of the electrostatic potential of the model structure of procaspase-6 built from the zymogen crystal structures (PDB ID codes 4iyr and 3NR2). The missing residues of each PDB template structure were built by de novo modeling using Chimera/Modeler platform. The electrostatic potential map (red, acidic regions; blue, basic regions; white, hydrophobic/neutral regions) was generated using PyMOL Molecular Graphics System (Schrödinger, LLC). Highlighted are key regions of caspase-6 that undergo statically significant changes in the H/D exchange along caspase-6 proteolytic activation. 
